Abstract-The major sources of dioxin-like polychlorinated biphenyls (PCBs) in two sediment cores from Tokyo Bay and Lake Shinji (both in Japan) were identified and their source contributions estimated using two receptor models. The first was a nonnegative constrained factor analysis (FA) model, and the second was a nonnegative constrained chemical mass balance model combined with Monte Carlo techniques (CMB-MC) to take into account the variability and uncertainty in both PCB congener profiles of sources and environmental samples. According to the FA model, variations in the concentrations of dioxin-like PCBs in each sediment core were accounted for almost entirely by two factors, which were considered to correspond to Kanechlors (KCs; Japanese PCB products) and incineration. The CMB-MC model investigated the trends of the burdens from four types of KCs and incineration to the concentrations of dioxin-like PCBs in each sediment core. The results for both sediment cores obtained by both models indicated that the burden from KCs increased gradually beginning in the 1950s, peaked around 1970, and declined thereafter, whereas the burden from incineration increased gradually from the 1950s to the early 1990s. The estimated contribution from incineration to the toxic equivalent concentration of dioxin-like PCBs was comparable to that from KCs.
INTRODUCTION
Twelve polychlorinated biphenyls (PCBs; congeners 77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169, and 189; International Union of Pure and Applied Chemistry numbers), referred to as dioxin-like PCBs in terms of their toxicity, have been evaluated together with polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) [1] . In Japan, the contribution of dioxin-like PCBs to the total toxic equivalent (TEQ) of human intake is comparable to that of PCDDs/PCDFs [2] .
One of the well-known potential sources of dioxin-like PCBs is emissions from commercial PCB products. In Japan, commercial PCB production began in 1954. The annual PCB usage increased from 1954 (200 tons/year) to 1970 (10, 120 tons/year), with both production and new use of PCBs phased out in 1972 [3] . During the period when PCBs were on the market, very high levels of environmental PCB contamination were found in the vicinity of plants producing PCBs and PCBcontaining items, factories that used PCBs, and recycling paper mills [3] . Because it was difficult to establish a consensus among local residents regarding the siting of PCB treatment facilities until quite recently, waste PCB products, and PCBcontaining items, which have been kept in depositories for several decades. A loss of stored PCB-containing items [4] and volatilization during storage [5] have been reported.
Another major potential source of PCBs is emissions from * To whom correspondence may be addressed (i-ogura@aist.go.jp). thermal processes. Approximately 17,000 waste-incineration facilities, including municipal waste incinerators, industrial waste incinerators, and small-scale waste incinerators, were operating in Japan as of 2001 [6] , and it has been estimated that these facilities are the primary source of dioxin emissions in Japan [7] . Both PCBs and PCDDs/PCDFs are formed as by-products in thermal processes. In particular, non-orthoPCBs are formed during the incineration of municipal waste [8] [9] [10] . Analysis based on the temperature dependencies of atmospheric concentrations for both dioxin-like and nondioxin-like PCBs have suggested that the contribution of thermal processes to the concentrations of some PCBs, such as PCBs 126, 169, and 189, is not negligible, whereas the majority of other PCB congeners are derived from release by volatilization rather than by emissions from thermal processes [11] .
It remains uncertain what percentages of dioxin-like PCBs in the environment are derived from each of these known sources and from other, as-yet-unidentified sources. Although the dioxin emission inventory in Japan has been studied since 1997, such research has been based on a limited number of collected samples and has been limited to sources for which the amount of emissions can be estimated. Understanding the contributions from potential sources to the burdens of dioxinlike PCBs in the environment is essential to developing effective countermeasures against this type of pollution. We focus here on sediment, both because sediments are an important sink for PCBs and PCDDs/PCDFs and because of the potential importance of the aquatic environment, including sediment, to dioxin-like PCB exposure among people in Japan, where more 278 Environ. Toxicol. Chem. 24, 2005 I. Ogura et al.
than half the daily dioxin-like PCB intake has been estimated to be from aquatic organisms [2] . Furthermore, sediment cores can provide valuable information regarding historical trends. Therefore, the present study was based on data for two sediment cores from Tokyo Bay [12] (southeast of Tokyo Metropolitan City, Japan) and Lake Shinji [13] (in a rural area of Japan).
We applied receptor models to identify the major sources of dioxin-like PCBs in the sediments and to quantify their source contributions. Receptor models have been widely used as tools for identification of pollution sources and evaluation of their contributions, especially in the field of air pollution [14, 15] . Recently, such models also have been applied to PCBs and PCDDs/PCDFs in sediment [12, 13, [16] [17] [18] [19] [20] .
One of the receptor models used in the present study is the nonnegative constrained factor analysis (FA) model applied by Ozeki et al. [21] and modified by Rachdawong and Christensen [16] , which is a relatively simple model used to achieve objectives similar to those of other receptor models based on factor analysis (e.g., polytopic vector analysis [22, 23] and source apportionment by factors with explicit restrictions [24, 25] ). In the FA model, the data matrix of environmental concentrations can be expressed as a linear sum of products of the profiles (the compositions of individual dioxin-like PCBs) of potential sources and their contributions. This model employs oblique rotations to obtain nonnegative elements in the factor loading matrix representing source profiles and the score matrix representing source contributions. The FA model can estimate the number of major sources, their source profiles, and their contributions without the use of any previous information regarding sources, although it requires sufficient numbers of environmental samples (i.e., receptor samples).
The other receptor model used in the present study is a nonnegative constrained chemical mass balance model combined with Monte Carlo techniques (CMB-MC). Chemical mass balance models often have been used to estimate source contributions to environmental pollution by comparing the profiles of known sources with that of a receptor sample [26] . A nonnegative constrained CMB model was applied by Wang and Hopke [27] so that source contributions could be obtained without negative values. In CMB models, it is necessary beforehand to select the sources and prepare their source profiles. One significant problem associated with the application of CMB models to PCB data is that the source profiles have considerable variability and uncertainty. The effective variance weighted least-squares solution [28] often has been used to take into account the variability and uncertainty in the profiles of both sources and receptors. However, the effective variance weighted least-squares solution requires the hypothesis of normal distributions to represent the variability and uncertainty. The distributions of measured values of dioxin-like PCBs in a source often indicate log-normal or more complicated distributions. The advantage of the CMB-MC model is that it accepts any type of distribution and even resampling from the observed data. By resampling profiles instead of the values of individual dioxin-like PCBs, the correlations among the values of dioxin-like PCBs in each source can be taken into account. The distributions of estimated source contributions, as representations of their variability and uncertainty, can be obtained in a straightforward way using the CMB-MC model.
MATERIALS AND METHODS

Sediment data
We used the data on 14 PCB congeners (dioxin-like PCBs, PCB 170, and PCB 180) in the sediment core from Tokyo Bay (11 layers dated 1945-1993 ; water depth, ϳ18 m; core layer depth, 1 cm; average sedimentation rate, 0.26 g/cm 2 /year) reported by Yao et al. [12] and the sediment core from Lake Shinji (10 layers dated 1957-1994; water depth, ϳ4.5 m; core layer depth, 1 cm; average sedimentation rate, 0.25 g/cm 2 /year) reported by Masunaga et al. [13] .
The distribution of the relative concentration of each PCB congener in each layer, which was used in the CMB-MC model, was assumed to be a normal distribution, with a coefficient of variation of 10% as an analytical uncertainty. In general, uncertainty in relative concentrations is smaller than that uncertainty in absolute concentrations.
Nonnegative constrained FA model
The FA model used in the present study followed those of Ozeki et al. [21] and Rachdawong and Christensen [16] . The following is a concise description of this model. The fundamental equation is
where D is the normalized data matrix, C is the factor loading matrix representing the source profiles, and R is the factor score matrix representing the source contributions. In addition, m, n, and r are the numbers of PCB congeners, sources, and samples, respectively. The data matrix D for each core consists of 14 rows representing the number of PCB congeners and 10 or 11 columns representing the number of samples (layers) in each core. The normalization of data was conducted by dividing the concentrations of PCB congeners in each layer by their respective average concentrations in all layers to eliminate the prevailing effect of PCB congeners with high concentrations on the source apportionment.
To find the solution to Equation 1, the sum-of-square and cross-product matrix Z, on the basis of the deviation of each value from zero, was used as the input data for the FA model. The matrix Z can be defined as
where t D is the transposed matrix of D. The Jacobi method of factor extraction was then applied to the matrix Z, yielding an eigenvalue matrix E and an eigenvector matrix Q. The factor loading matrix C therefore can be formed as
where E ½ is a diagonal eigenvalue matrix, the entries of which are the square roots of the eigenvalues. The number of significant factors was determined according to the coefficients of determination, eigenvalues, and cumulative percentage variance. The coefficient of determination gives congener-specific goodness-of-fit information for each additional factor, whereas a cumulative percentage variance indicates total goodness-offit information for each additional factor [17] . Entries of the C matrix are reduced according to the determined number of significant factors. The factor score matrix R is then determined by a least-squares method according to the following equation:
Oblique rotations were carried out by which both the factor loading matrix C and factor score matrix R were rotated with nonnegative constraints (i.e., iterative recalculation and replacement of negative entries by zero) until the absolute values of the negative entries in both the factor loading and factor score matrices fell below a certain limiting value (Ͻ0.0001). After the rotations, the remaining negative values were replaced with zero. Before and after the rotations, the following normalization was applied on the C and R matrices [17] . Each column entry of the C matrix was divided by the sum of positive values of PCB congeners in that column. Simultaneously, each row of the R matrix was multiplied by the same column sums of the C matrix to maintain the validity of Equation 1.
After the rotations were carried out, the entries of the D and C matrices were multiplied by the average concentrations of respective PCB congeners. The obtained D and C matrices represent the set of raw data and the set of estimated source profiles, respectively. The estimated burden from source j to the concentration of PCB congener i in sediment sample k can be calculated by multiplying the factor loading of PCB congener i for source j in the C matrix by the factor score of source j for sediment sample k in the R matrix.
The program for the FA model was written by VBA (Visual Basic for Applications) functions in Microsoft Excel 2002 (Microsoft, Redmond, WA, USA).
Nonnegative CMB-MC model
Chemical mass balance models consist of a least-squares solution to a set of linear equations that express each receptor concentration of a chemical species as a linear sum of products of source compositions and source contributions [26] . In the ordinary least-squares method, the contribution of source j (S j ) was calculated by minimizing the value of 2 , as shown in the following equation:
where C i is the concentration of PCB congener i in the sediment, a ij is the relative abundance of PCB congener i in source j, i is the uncertainty of the C i measurement, m is the number of PCB congeners, and n is the number of sources (m Ͼ n) [26] .
The newly proposed approach is characterized as an iterative CMB evaluation based on Monte Carlo techniques. In each Monte Carlo iteration, a set of a ij and C i was randomly generated from their respective distributions representing their variability and uncertainty, and the contribution of source j (S j ) was then calculated by minimizing the 2 value in Equation  5 for the set of a ij and C i . Consequently, the obtained distributions of S j reflect the variability and uncertainty in the input data of a ij and C i . In the CMB-MC model, i designates the unspecified uncertainty, which is not included in the Monte Carlo input distributions. Here, assuming that the uncertainty defined as i /C i is equal for all congeners, i was replaced with C i in Equation 5 . Monte Carlo simulations (10,000 iterations) were conducted using Crystal Ball Pro for Windows 4.0g (Decisioneering, Denver, CO, USA). Each least-squares calculation was conducted under nonnegative constraints by employing a tool for solving optimization problems (i.e., the Solver function in Microsoft Excel 2002, Redmond, WA, USA).
The CMB calculations using the average input values also were conducted. The obtained source contributions were designated as representative predicted values.
The multicollinearity among source profiles was checked by means of variance inflation factors (VIFs) [29] .
Source data for the CMB-MC model
In the CMB-MC model, the following five sources were considered to be potential sources of dioxin-like PCBs in sediments: Kanechlors (KCs) 300, 400, 500, 600, and incineration. Kanechlors are the predominant PCB products in Japan from Kanegafuchi Chemical (Osaka, Japan). The number (in hundreds) following KC represents the number of substituted chlorines in the major PCBs in each KC.
The concentrations of PCB congeners in each KC were obtained from the literature [30] [31] [32] [33] [34] [35] and are summarized in Figure 1A . Because the available data for each PCB congener of each KC were limited (i.e., five data points at most), the distributions representing the variability and uncertainty of data were not derived from the data themselves. Instead, a loguniform distribution with a range between the minimum and maximum of obtained values was used for the distribution of the value of a ij . However, when the number of data points was one or two and the range less than 100-fold, a log-uniform distribution with a range between 10-fold and one-tenth of the geometric mean was used. The error bars in Figure 1A represent the ranges of log-uniform distributions of the values of a ij for each KC used in the CMB-MC model. [30] [31] [32] [33] [34] [35] weighted by the amount of use for each KC [3] and that of emissions from waste incinerators [36] .
The distributions of the values of a ij for incineration were determined as follows: We used the data regarding the concentrations of dioxin-like PCBs in emissions from 230 waste incinerators [36] for which complete source profiles without values less than the detection limit were available. These incinerators included municipal solid waste incinerators, industrial waste incinerators, and small-scale incinerators. The ratio of the concentration of each PCB congener to the total concentration of dioxin-like PCBs in emissions from the 230 waste incinerators is shown in Figure 1B . In each CMB-MC iteration, the profile of an incinerator sample was resampled from the data of the 230 waste incinerator samples.
Because the data for PCBs 170 and 180 were limited, their a ij values were estimated using log-log regressions of PCB 157 versus PCB 170 and of PCB 167 versus PCB 180 derived from the 10 incinerator samples [36] . The squares of correlation coefficients (r 2 ) in the logarithmic-scaled values between PCB 157 and PCB 170 and between PCB 167 and PCB 180 were 0.99 and 0.97, respectively. Such good correlations were to be expected, considering the compositional similarity with respect to the positions of chlorine atoms.
RESULTS AND DISCUSSION
Source identification and estimation of source contributions for dioxin-like PCBs in sediment
FA model. The coefficients of determination, eigenvalues, and cumulative percentage variances obtained from the FA model are summarized in Table 1 . For each sediment core, the large percentage variance (Ͼ96%) was explained by the first factor alone, but relatively low coefficients of determination for some PCB congeners, especially for PCB 169, indicated an insufficient fit if the second and later factors were neglected. However, the coefficients of determination indicated a good fit (Ͼ0.98) for all PCB congeners when the first two factors were considered. Moreover, the eigenvalue of the third factor was far smaller than that of the second factor. Therefore, the number of significant factors was determined to be two for each sediment core.
The predicted concentration, which was determined by the two factors (factor 1 and factor 2), of each PCB congener in each layer was reasonably close to the respective observed concentration. The ratios of the predicted to the observed concentrations, except for the three older layers of each core, were between 0.88 and 1.22 for Tokyo Bay and between 0.87 and 1.21 for Lake Shinji, whereas the ratios in the case of the three older layers with lower PCB concentrations ranged between 0.62 and 2.67 for Tokyo Bay and between 0.64 and 1.64 for Lake Shinji.
The factor loading profiles for Tokyo Bay and Lake Shinji obtained from the FA model are given in Figure 2A , and the average PCB congener profile of KCs [30] [31] [32] [33] [34] [35] , weighted by Fig. 3 . Trends of the burdens from two factors to the concentrations of polychlorinated biphenyl (PCB) congeners in sediments from Tokyo Bay and Lake Shinji (both in Japan) as determined by the factor analysis model. The measured values for Tokyo Bay and Lake Shinji were obtained from the results reported by Yao et al. [12] and Masunaga et al. [13] , respectively. the amount of use for each KC [3] and the average PCB congener profile of emissions from waste incinerators [36] , are given in Figure 2B for comparison. The obtained loading profiles for Tokyo Bay were similar to the respective profiles for Lake Shinji. For both sediment cores, the obtained factor loading profiles of factor 1 resembled the profile of KCs. In contrast, although the factor loading profiles of factor 2 were not clearly distinct from those of factor 1, the factor loading profiles of factor 2 seemed to reflect the profile of incineration. That is, factor 2 as well as incineration had a profile with an elevated relative abundance of PCBs 81, 126, 157, 169, and 189 in comparison with those of factor 1 or KCs. However, for PCB congeners with much higher contributions from factor 1 than from factor 2, the factor loadings of factor 2 may be less reliable, because the errors of the factor loadings of factor 1 can easily interfere with the factor loadings of factor 2.
The trends of the burdens from factor 1 and factor 2 to the concentrations of PCBs 118, 126, and 169, as examples, and the TEQ of dioxin-like PCBs in each sediment core are presented in Figure 3 . For both sediment cores, the burdens from factor 1 increased gradually beginning in the 1950s, peaked around 1970, and declined thereafter. This trend is consistent with the trend of KC use, which increased gradually from 1954 to 1970 and ceased in 1972 [3] . In contrast, the burdens from factor 2 increased gradually from the 1950s to the early 1990s, and this trend is consistent with the continuous increase in I. Ogura et al. both the amount of waste and the number of incinerators during the past few decades [37, 38] . These results also suggest that factor 1 corresponds to KCs and factor 2 to incineration.
Although several types of KCs and various types of thermal processes exist, one primary factor was obtained for each of the KCs and incineration. Factor analysis models would fail to identify multiple sources as separate sources when the inputs from multiple sources covary or the source profiles are almost identical. In fact, the trends of use for the four types of KCs are similar [3] . The trends for the growth of various types of thermal processes generally reflect economic growth [37, 38] , and the various types of waste incinerators have identical profiles (Fig. 1B) . Moreover, because the environmental samples used here (i.e., layers of each sediment core) reflect the temporal variations in the burdens from multiple sources at each site, the spatial variations resulting from the various combinations of multiple sources would be negligible. Figure 4 shows the average relative contribution from factor 2 to the concentration of each PCB congener for each sediment core, with the white square plot and the white circle plot indicating the average relative contributions for Tokyo Bay and Lake Shinji, respectively. Here, the average relative contribution is defined as the ratio of the concentration averaged over all the layers in each sediment core explained by factor 2 to that explained by both factor 1 and factor 2. The results for Tokyo Bay were almost the same as those for Lake Shinji, although the relative contributions from factor 2 for Tokyo Bay were somewhat lower than those for Lake Shinji. The contributions from factor 1 to the concentrations of the majority of dioxin-like PCBs were higher than those from factor 2. A relatively high contribution of factor 2 was found for PCB 169, followed by PCBs 126, 81, and 189. The result for TEQ, which was calculated based on the results for the individual dioxin-like PCBs, was similar to that for PCB 126 in each sediment core, because PCB 126 was the largest contributor to the TEQ of dioxin-like PCBs (i.e., ϳ70% for Tokyo Bay and ϳ80% for Lake Shinji). The average relative contribution from factor 2 to the TEQ concentration for each sediment core was 23% for Tokyo Bay and 34% for Lake Shinji, whereas the relative contribution from factor 2 to the TEQ concentration in the latest layer for each sediment core was 34% for Tokyo Bay and 60% for Lake Shinji.
CMB-MC model. The multicollinearity among source profiles was insignificant by means of VIFs. That is, each of the VIFs calculated by the average source profiles was less than two and satisfied a criterion of potential multicollinearity problems (i.e., VIF ϭ 10) [29] .
The predicted concentrations of PCB congeners generated by Monte Carlo iterations were in general agreement with the observed ones (see Fig. 5 for the results of the sediment sample dated 1993-1994 from Lake Shinji, as one example of many), suggesting that the profiles for each sediment core were well explained by those of KCs and incineration. The ratios of the predicted to the observed concentrations of each PCB congener in each layer were as follows: Between ½ and 2 for 86% of the individual predicted values and between ⅓ and 3 for 96% for Tokyo Bay, and between ½ and 2 for 76% and between ⅓ and 3 for 90% for Lake Shinji.
The trends of the burdens from the sum of KCs and from incineration to the concentrations of PCBs 118, 126, and 169, as examples, and the TEQ of dioxin-like PCBs in each sediment core are presented in Figure 6 . For both sediment cores, the burden from the sum of KCs, as well as that from each of KCs 400, 500, and 600, increased gradually beginning in the 1950s, peaked around 1970, and declined thereafter, whereas the burden from incineration increased gradually from the 1950s to the early 1990s. The burden from KC 300 generally was estimated to be either zero or much less than that from the other KCs. This finding is consistent with dioxin-like PCBs consisting of tetra-to heptachlorinated congeners, whereas KC 300 consists of less-chlorinated congeners. Figure 4 shows the average relative contribution from incineration to the concentration of each PCB congener for each sediment core, with the black square plot and the black circle plot indicating the average relative contributions for Tokyo Bay and Lake Shinji, respectively. Here, the average relative contribution is defined as the ratio of the concentration averaged over all the layers explained by incineration to that Among these, a relatively high contribution of incineration was found for PCB 169, followed by PCB 126. These results are consistent with those in the literature [10, 11, 39, 40] . The estimated contributions from incineration to the TEQ concentration of dioxin-like PCBs were comparable to those from KCs. The average relative contributions from incineration to the TEQ concentrations for each sediment core were 17 to 65% (the range of values obtained using a series of the 5th and 95th percentiles of the predicted values in 10,000 iterations) for Tokyo Bay and 27 to 74% for Lake Shinji, whereas the relative contributions from incineration to the TEQ concentrations in the latest layer for each sediment core were 25 to 71% (the range from the 5th to the 95th percentiles of the predicted values in 10,000 iterations) for Tokyo Bay and 40 to 85% for Lake Shinji. The distinction among KCs in terms of their relative contribution may remain uncertain. That is, the major difference among the KC profiles is the difference in the relative abun- dance of each homologue (i.e., the group of PCB congeners classified by the number of substituted chlorines). However, the change in the profile in the environment may occur in the relative abundance of each homologue, because the number of substituted chorines is the main factor affecting their physicochemical properties and the resulting characteristics in the environmental behavior. As for the distinction between KCs and incineration, their relative contributions are considered to be rather reliable, because the difference in the source profiles between KCs and incineration ( Fig. 1) is marked and appears to be independent of the change of the profiles in the environment.
Comparison between results determined by the FA model and by the CMB-MC model
On the whole, for both the sediment core from Tokyo Bay and that from Lake Shinji, both the FA model and the CMB-MC model yielded similar time trends for the burdens from two major sources, KCs and incineration (Figs. 3 and 6) . The relative contributions from the two major sources for the PCB congeners also were similar between the two sediment cores and between the two models (Fig. 4) .
The source contributions determined by CMB models would be affected by the changes in the profiles during transport from source to receptor, as discussed in the section regarding the results of the CMB-MC model. As for the FA model, because profiles reflecting the change in the environment are obtained, the effect of the changing profile on the estimation of the relative contributions of sources would be limited. This could explain, in part, why the agreement between the predicted and observed concentrations was better with the FA model than with the CMB-MC model. Neither the FA model nor the CMB model is capable of distinguishing among sources with similar profiles. Such sources are inevitably recognized as one aggregate source. As for covarying sources, such as KCs, FA models fail to identify individual sources, even if they have distinct profiles, because their solutions are based on the variations of environmental data. On the other hand, CMB models can separate covarying sources only if they have distinct profiles, because they rely only on the profiles. In the present study, however, because of the possible change in the profiles of KCs in the environment, uncertainty may exist in the relative contribution of KCs obtained by the CMB-MC model.
CONCLUSION
The concentrations of dioxin-like PCBs in the sediment cores of Tokyo Bay and Lake Shinji were considered to be accounted for almost entirely by the burdens from two potential major sources, KCs and incineration. Here, incineration may include other thermal processes.
For both sediment cores, the estimated burden from KCs increased gradually beginning in the 1950s, peaked around 1970, and declined thereafter, whereas the estimated burden from incineration increased gradually from the 1950s to the early 1990s. The obtained relative contributions from KCs and incineration for the PCB congeners were similar between the two sediment cores, although the obtained relative contributions from incineration for Tokyo Bay were somewhat lower than those for Lake Shinji. Kanechlors were considered to be the major sources for PCBs 105, 114, 118, 123, 156, 157, 167, 170, and 180, whereas a relatively high contribution of incineration was found for PCB 169, followed by PCB 126.
The estimated contribution from incineration to the TEQ concentration of dioxin-like PCBs was comparable to that from KCs.
The FA model and the CMB-MC model can be applied to evaluate PCB sediment data to provide quantitative source information. Although both models appear to be useful, each has its own advantages and disadvantages. We therefore can say that it is important to use multiple models for source identification and estimation of source contributions and that the common findings obtained here by multiple models are fairly reliable.
